Previous studies have shown significantly lower metabolism and functional activity in the anterior cingulate cortex (ACC) of human cocaine addicts. The present study examined whether this ACC hypoactivity is associated with altered glutamate (Glu), the primary excitatory neurotransmitter in the central nervous system (CNS), which has been recently implicated in drug addiction. Participants comprised 14 chronic cocaine addicts and 14 matched healthy volunteers who were examined using 1 H magnetic resonance spectroscopy at 3 T. A new quantification strategy for echo time (TE)-averaged point-resolved spectroscopy (PRESS) was applied to disentangle relaxation effects from J-evolution of coupled spin systems such as Glu. The concentrations of Glu as well as N-acetyl aspartate (NAA), total creatine (tCr), choline-containing compounds (tCho), and myo-inositol (Ins) were estimated from both groups. Glu/tCr was significantly lower in chronic cocaine users compared to control subjects and was significantly correlated with years of cocaine use. Glu/tCr was also positively correlated with NAA/tCr. NAA/tCr significantly decreased with age but was not significantly different between the two groups. These findings suggest a metabolic/neurotransmitter dysregulation associated with cocaine addiction and support a possible therapeutic intervention strategy aimed at normalizing the Glu transmission and function in the treatment of cocaine addiction. Published by Elsevier Ireland Ltd.
Lower glutamate levels in rostral anterior cingulate of chronic cocaine users -A 1 H-MRS study using TE-averaged PRESS at 3 T with an optimized quantification strategy a b s t r a c t a r t i c l e i n f o
Introduction
A growing neuroimaging literature has shown significant alterations in brain structure (Franklin et al., 2002) , function (Goldstein and Volkow, 2002; Volkow et al., 1993) , and neurochemistry (Chang et al., 1999; Li et al., 1999; Meyerhoff et al., 1999; O'Neill et al., 2001) in active or abstinent cocaine users. Among these alterations is lower glucose metabolism in the anterior cingulate cortex (ACC) (Volkow et al., 1993) . Chronic cocaine users also show impairments in attention and inhibitory control, associated with attenuated activity in the ACC (Kaufman et al., 2003) . Furthermore, cocaine addicts show hypoperfusion in the rostral area of the ACC (rACC) (Childress et al., 1999; Peoples, 2002) . A recent functional MRI study revealed diminished functional connectivity between the rACC and amygdala in cocaine addicts compared to healthy controls (Stein et al., 2006) . Together, these findings suggest that chronic use of cocaine may lead to neuroadaptations in brain structure and function in the ACC, particularly the rACC.
Glutamate (Glu) is the primary excitatory neurotransmitter in the brain. Glutamatergic neurons provide the major communication between many frontal cortical regions and, among others, the mesencephalic dopamine projection neurons in the ventral tegmental area (VTA) and some of their targets, e.g. in the nucleus accumbens (NAcc) (Kalivas and Volkow, 2005) . Recent preclinical studies have demonstrated that chronic cocaine use produces a significant reduction in the basal glutamatergic transmission from the prefrontal cortex (PFC), including the ACC, to the core of the NAcc (Baker et al., 2003; Kalivas and Volkow, 2005; Thomas et al., 2001 ). Such changes have been thought to play a critical role in cocaine addiction and subsequent relapse to drug-seeking behavior (Kalivas and Volkow, 2005) . Therefore, measurement of Glu within the ACC in humans may provide important information to better understand frontal lobe alterations and the functional significance of Glu in cocaine addiction. 1 H magnetic resonance spectroscopy ( 1 H-MRS) has been employed to measure metabolite concentrations, with most success on those metabolites yielding prominent, well-resolved spectral peaks, such as N-acetyl aspartate (NAA), total creatine (tCr), and choline-containing compounds (tCho) (Li et al., 1999; O'Neill et al., 2001 ). Due to Jmodulation of its coupled spins, the proton resonances of Glu vary with echo time (TE) in a complex pattern (shown in Fig. 1 ) in addition to the inherent signal decay from relaxation. Compared to those in shortecho spectra (TE b 50 ms), J-modulation also brings the Glu proton resonances to lower intensities (Yang et al., 2008 
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